Introduction
Higher plants have the ability to initiate various defense responses, such as hypersensitive responses (HRs), the production of phytoalexins and antimicrobial proteins, and the reinforcement of the cell wall, when they are infected by various pathogens (Boller 1995 , Scheel 1998 . Plants also harbor the capacity to distinguish self and non-self, i.e. to detect pathogens, via the perception of specific signaling molecules (elicitors) that are predominantly generated/secreted by the invading pathogen itself. In this regard, cell surface macromolecules, or fragments thereof, that are typically derived from microorganisms such as cell wall polysaccharides, secreted proteins and flagella proteins, often serve as potent elicitors of plant defense responses (Scheel 1998 , Shibuya and Minami 2001 , Gomez-Gomez and Boller 2002 . It has also emerged in recent years that the defense systems mediated by the perception of these elicitors in plants have considerable similarities to the mammalian innate immunity networks in both the recognition of 'pathogen-associated molecular patterns' (PAMPs) as well as the molecules involved in the perception and transduction of these signaling molecules . The perception of PAMPs by plants has been thought to play an important role in their basal resistance, or non-host resistance, to most potential pathogens (Brunner et al. 2002 , Zipfel et al. 2004 , Nu¨rnberger and Lipka 2005 .
Lipopolysaccharides (LPS) that cover the cell surface of Gram-negative bacteria have been shown to activate the innate immune responses in both plants and animals (Dow et al. 2000, Raetz and Whitfield 2002) . In mammalian systems, LPS recognition is mediated by a receptor complex comprising Toll-like receptor 4 (TLR4), MD2 and CD14. Perception of LPS by this receptor leads to cytokine production and co-stimulatory molecule induction in the antigen-presenting cells, such as dendritic cells and macrophages. It has also been shown that the activation of these antigen-presenting cells and their production of cytokines is a prerequisite for the activation of acquired immunity in mammals (Akira et al. 2001) .
It has been reported that bacterial LPS molecules also induce various defense-related responses in plants (Dow et al. 2000, Erbs and Newman 2003) . LPS treatment has been shown to induce the generation of reactive oxygen species (ROS) (Meyer et al. 2001 ) and the expression of pathogenesis-related (PR) proteins (Coventry and Dubery 2001, Silipo et al. 2005) . Zeidler et al. (2004) showed that LPS treatment of Arabidopsis thaliana activated nitric oxide (NO) synthase, and the resulting NO plays an important role for the defense gene activation as well as the resistance to pathogenic bacteraia. Moreover, LPS has been reported to induce systemic resistance in several plant species (Leeman et al. 1995 , Van Wees et al. 1997 , Reitz et al. 2000 and also to 'potentiate' the defense responses induced by subsequent pathogen inoculation (Newman et al. 2002) . LPS has long been known to suppress the HR, a type of programmed cell death (PCD) often associated with the defense responses induced by avirulent bacteria (Dow et al. 2000, Erbs and Newman 2003) . However, the molecular machinery involved in these biological responses, as well as the associated signal transduction cascades, are largely unknown. The exceptions include a previous report on the activation of a tobacco mitogen-activated protein (MAP) kinase by LPS ) and another recent study showing that there is a cytological indication of the presence of LPS-binding sites on the plant cell surface (Gross et al. 2005) . Furthermore, to our knowledge, the biological activity of LPS in plants has only been reported for dicots, and no information is available regarding the action of LPS in monocots.
In our present study, we show that various bacterial LPS molecules, including plant pathogens and nonpathogens, can induce defense responses such as ROS generation and defense gene expression in rice cells, which is a model monocot species. This indicates the presence of an evolutionarily conserved machinery that recognizes LPS in both monocots and dicots. We also report that the defense responses induced by LPS are associated with PCD, a finding that has not been reported previously in plant cells. In addition, we performed global analysis of the gene expression profiles induced by LPS and demonstrate that these gene responses are closely correlated with those induced by another PAMP elicitor, the chitin oligosaccharides. This indicates that there is a convergence of signaling cascades that function downstream of their corresponding receptors. The differences between the cellular responses induced by these two elicitors in rice are also discussed.
Results
The generation of reactive oxygen species is induced by bacterial lipopolysaccharides in rice cells Fig. 1 shows the induction of ROS in rice cells by LPS preparations obtained from different Gram-negative bacteria, including a rice pathogen, Xanthomonas oryzae pv. oryzae. Various LPS preparations from both plant pathogens (Fig. 1A ) and non-pathogens (Fig. 1B) Escherichia coli, Pseudomonas aeruginosa, Shigella flexneri, Salmonella abortus and Klebsiella pneumoniae. The LPS concentration was 50 mg ml À1 in all experiments. ROS were analyzed by a luminol-chemiluminescence assay. N-Acetylchitooctaose (GN8, 1 nM) was used as a positive control.
ROS generation in rice, although the intensity of the response was different, depending on the source of the LPS. The latter observation probably reflects the structural differences between the LPS preparations. Among the LPS preparations we tested in this experiment, a commercial preparation from a non-pathogen, Pseudomonas aeruginosa, induced the highest ROS levels. The concentration dependency of ROS induction upon P. aeruginosa LPS exposure further showed that it could induce ROS at a dosage of 51 mg ml À1 (Fig. 2) . Moreover, the maximal production of ROS induced by P. aeruginosa LPS was comparable with the levels induced by N-acetylchitooctaose, another known potent elicitor in rice cells (Shibuya and Minami 2001) , under saturated conditions in both cases.
The generation of ROS in plant cells following exposure to both pathogens and elicitors has been reported to consist of two separate phases (Chai and Doke 1987 , Lamb and Dixon 1997 , Yamaguchi et al. 2005 , which are distinguishable by the requirement for protein synthesis for the second phase (Yamaguchi et al. 2005 ). It was difficult in our present experiments to determine from the appearance of the time course whether the LPS-induced ROS generation that we detected in rice also comprised two phases (Fig. 3B , D, filled squares, in comparison with the ROS levels induced by N-acetylchitooctaose in Fig. 3A, C) . However, following the addition of cycloheximide, which selectively eliminates the second phase of ROS generation, it was indicated that two phases also exist in rice cells treated with LPS (Fig. 3D , open diamond, compared with Fig. 3C ). The ROS levels that accumulated in the first phase were also found to be very small compared with the prolonged ROS levels generated during the second phase. Pharmacological studies with K252a, a protein kinase inhibitor, further showed the requirement for protein phosphorylation for both of the first and second phase of ROS generation (Fig. 3B) , similar to the results obtained for the chitin oligosaccharide elicitor (Fig. 3A) LPS is the elicitor-active component of bacterial preparations; loss of ROS induction by adsorption of LPS with polymyxin B-agarose
Although the commercial LPS preparations that were used in these experiments were of the highest grade available, and the LPS preparations that we prepared in our laboratory were carefully treated with DNase, RNase and proteinase, we could not completely rule out the possibility of contamination with other bacterial components that may contribute to ROS production. To eliminate this possibility, we examined whether the elicitor activity was caused by LPS in these preparations by using the advantage of specific adsorption of LPS to polymyxin B, an antibiotic that is well known to bind bacterial LPS through its lipid A portion (Morrison and Jacobs 1976) and has been used to determine the involvement of LPS in a number of biological responses (Gao and Tsan 2003) . When the commercial LPS preparation from P. aeruginosa was applied to a polymyxin B-agarose column, almost all of the carbohydrates as well as Limulus test-positive components (an assay for endotoxin detection) were found to be bound to the column, indicating the complete adsorption of LPS (Fig. 4A, B) . On the other hand, an agarose (Sepharose 6B) column without fixed polymyxin B did not adsorb LPS. Significantly, in these same experiments, the ROS-inducing ability of the P. aeruginosa LPS preparation was almost completely lost following adsorption by the polymyxin B-agarose column (Fig. 4C, D) , whereas this activity was recovered in the flow-through fraction from the control agarose column (Fig. 4C) . Similar results were obtained using LPS preparations from Escherichia coli and Ralstonia solanacearum (data not shown). These results clearly show that the ROS-inducing activity in these LPS preparations resides in the LPS molecules.
LPS induces programmed cell death in rice cells
The defense responses in plants that are induced by invading pathogens, particularly microorganisms harboring the avr gene which corresponds to the R gene in the host plant, are often associated with hypersensitive cell death, a form of PCD in the plant (Lam et al. 2001 ). It has also been shown previously that some microbial elicitors, although not all, can induce PCD in plant cells . As shown in Fig. 5 , LPS preparations from P. aeruginosa, E. coli and some other bacteria induced extensive cell death, indicated by Evans blue staining. Fragmentation of nuclear DNA, a known indicator of PCD, was evident by agarose gel electrophoresis ( Fig. 6 ), as well as by cytological detection using the TUNEL (terminal transferase dUTP nick end labeling) assay (Fig. 7) . These results indicate that the LPS is an elicitor that induces programmed cell death in rice cells. Interestingly, N-acetylchitooctaose, another potent elicitor of the defense response in rice cells, shows much weaker cell death-inducing activity when applied at the concentrations that can induce high ROS levels. Comparison of the ROS and cell death-inducing activities of various LPS preparations, as well as N-acetylchitooctaose, are also shown in Fig. 5 . It is clear from these data that the ratio of the cell deathinducing and ROS-inducing activity of the chitin oligosaccharide elicitor was very low, compared with those of most LPS preparations.
Among the LPS preparations that we tested in this study, those derived from the plant pathogenic bacteria Erwinia chrysanthemi, Pseudomonas syringae, Xanthomonas oryzae and R. solamacearum seemed to show relatively low ROS-inducing as well as cell death-inducing activity compared with other LPS preparations. However, this phenomenon will need to be further confirmed by analyzing LPS preparations from additional plant pathogens.
Gene responses induced by LPS in rice
The expression of typical defense-related genes such as b-glucanase (rBG) and chitinase (RCC1) was found to be induced by treatment with LPS from P. aeruginosa, similar to the induction by the chitin oligosaccharide elicitor (Fig. 8) (He et al. 1998 , Nishizawa et al. 1999 . EL2, an early response gene to the chitin oligosaccharide elicitor (Minami et al. 1996) , and OsDTC2, a gene for a diterpene cyclase involved in the phytoalexin biosynthesis in rice (Nemoto et al. 2004) , are also induced by the P. aeruginosa LPS preparation.
To analyze the profile of the gene response to LPS in greater detail, a global analysis of gene expression was performed using a rice 22,000 DNA microarray. More than 800 genes were subsequently found to be up-regulated in rice following LPS treatment, including those associated with defense responses, signal transduction, secondary metabolism, proteolysis, and also a number of transcription The effects of K252a and cycloheximide upon elicitor-induced ROS generation. K252a (1 mM) and cycloheximide (20 mM) were added to the reaction mixtures containing suspension-cultured rice cells and one of the following elicitors: P. aeruginosa LPS (50 mg ml À1 ) or N-acetylchitooctaose (1 nM). K252a (equivalent to 1 mM for each reaction) was added in a stepwise manner at -10, 45, 90 and 135 min after the addition of the elicitor to ensure the inhibition of protein kinases. The disappearance of the first ROS peak following K252a treatment (A and B, open diamond) but not cycloheximide treatment (C and D, open diamond) is a good indication of the biphasic nature of ROS induction by both elicitors (Yamaguchi et al. 2005) .
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factors (Fig. 9 ). For some up-regulated genes detected in the microarray analysis, such as AK069456 and AK109161, encoding a peroxidase and putative U-box domaincontaining protein, respectively, clear up-regulation by both LPS and N-acetylchitooctaose treatment was confirmed by reverse transcription-PCR (RT-PCR) (Fig. 8 ).
In the case of down-regulated genes, it is noteworthy that those genes involved in cell cycle regulation, including cyclins and expansin, were suppressed by LPS treatment, which is similar to an earlier reported observation of elicitor-induced gene response in parsley cells (Logemann et al. 1995) . Logemann et al. suggested that plant cells need to down-regulate components of the cell division pathways to commit properly to a defense response. These patterns of up-and down-regulated genes in rice induced by LPS are very similar to those observed following chitin oligosaccharide elicitor treatment of rice cells (AkimotoTomiyama et al. 2003) , as revealed by correlation analysis of the overall gene responses induced by these two elicitors (Fig. 10 , correlation coefficient ¼ 0.901). These data therefore strongly indicate the presence of common regulatory factors that function downstream of the receptors for these two elicitors.
Discussion
In our present study, we showed that bacterial LPS molecules act as a potent elicitor of the defense responses in rice cells. To our knowledge, this is the first report on the biological activity of bacterial LPS preparations in monocot cells. In addition to the induction of ROS and a typical defense gene expression pattern, we further demonstrated that numerous genes are up-or down-regulated by LPS by global analyses using microarrays. Comparisons of these global changes in gene expression induced by LPS and another potent PAMP elicitor, N-acetylchitooctaose (Shibuya and Minami 2001) , both in rice, indicate a very similar pattern, as shown in Fig. 10 . Moreover, the fact that many genes, including those associated with phytoalexin biosynthesis, defense proteins, cell signaling and transcription, are regulated similarly by these two elicitors indicates that the signaling cascades that are activated by their putative receptors converge upstream of the cellular Fig. 4 Specific loss of ROS-inducing activity from P. aeruginosa LPS preparations by adsorption to polymyxin B-agarose. LPS preparations from P. aeruginosa were applied to either a polymyxin B-agarose or a Sepharose 6B column, and eluted with distilled water. Carbohydrate (A) and LPS (B) were determined by the phenol-sulfuric acid method and Limulus test, respectively. Note that the ROS-inducing activity in the original LPS preparation was completely recovered in the flow-through fraction from the Sepharose 6B column (C), whereas none of the fractions from the polymyxin B-agarose column showed any ROS-inducing activity (C, D).
responses, although the presence of a cognate receptor has only be shown for chitin oligosaccharides (Ito et al. 1997 , Kaku et al. 2006 ). We performed additional pharmacological analyses with K252a, a protein kinase inhibitor, and cycloheximide, and found further similarities in the regulation of ROS induced by these two elicitors.
In spite of the clear differences between bacterial LPS and chitin octamers in the induction of PCD in rice cells (Figs. 5, 6 ), it was difficult to identify the genes responsible for PCD from our comparisons of the associated global gene expression patterns. One possible explanation for this may be that the chitin elicitor also induces PCD, albeit to a much lesser degree than LPS, thus making it difficult to identify the genes responsible using the gene expression profiles. It may also be possible that the process leading to PCD does not require significant changes in gene expression per se. In relation to the latter possibility, Hatsugai et al. (2004) have recently reported that the virus-induced HR in tobacco is mediated by a vacuolar protease, indicating the importance of the signaling cascade that leads to the activation of this process, rather than the induction of gene expression for PCD.
The fact that LPS is a powerful inducer of PCD in rice cells is a novel finding in plants. Although Coventry and Dubery (2001) have previously reported that treatment with a high concentration (200-800 mg ml À1 ) of an LPS preparation from Burkholderia cepacia induces cell death in tobacco cells, they did not further characterize the type of cell death involved. In addition, our finding is not only novel but also rather surprising, as it has also been reported that pre-treatment with LPS prevents the HR, a type of PCD that is often associated with resistance responses against avirulent pathogens, in several plant species (Dow et al. 2000) . This seems to contradict our current finding that LPS itself induces PCD. To see whether such a discrepancy came from the differences in the experimental systems used, such as cell suspension vs. intact plants, monocots vs. dicots, and pathogen challenge rather than elicitor treatment, we examined the responses of seedlings as well as suspension-cultured cells of A. thaliana to LPS (Fig. 11) . Interestingly, LPS preparations from P. aeruginosa and E. coli induced ROS generation in the Arabidopsis cells and seedlings, but did not induce detectable cell death in the Arabidopsis cells, even at a higher concentration than the one used for the cell death induction in the rice cells. The result indicates that the rice cells are much more sensitive to LPS stimulation for the induction of PCD compared with the Arabidopsis cells, or LPS does not induce PCD in Arabidopsis at all. Because the response of intact plant to LPS could be significantly different from that of cultured cells, as observed for the differences in the time course of LPS-induced ROS generation between the Arabidopsis seedlings and cultured cells (Fig. 11) , it should be carefully examined whether the intact plants of rice and Arabidopsis also respond differently to LPS. Nevertheless, the results might explain the reason for the contradictory observations described above. It should also be clarified in future studies whether LPS prevents HR induced by avirulent pathogens in rice plants similar to the case of dicots.
The fact that the LPS preparations from both plant pathogenic as well as non-pathogenic bacteria induce ROS production in rice cells indicates that LPS recognition plays a role in the detection of a wide range of bacterial Fig. 5 Cell death-and ROS-inducing activity of LPS preparations from various bacteria. Rice cells were treated with each LPS preparation (50 mg ml À1 ) or N-acetylchitooctaose (1 nM) for 12 h (cell death) or 2 h (ROS). The levels of cell death and ROS production are shown relative to the highest values measured among the tested elicitors, P. aeruginosa LPS for cell death and N-acetylchitooctaose for ROS production.
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Fig. 6 Induction of DNA fragmentation in rice cells following exposure to LPS. Fragmentation of DNA, induced by 24 h incubation with P. aeruginosa LPS (50 mg ml À1 ) or N-acetylchitooctaose (1 nM), is shown. A 500 bp DNA ladder was used as a marker.
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strains as 'non-self', rather than in the perception of a specific pathogen, a common feature of PAMP recognition in both plants and animals ). This type of recognition seems to contribute to a basal or non-host resistance mechanism in plants that affords resistance to a wide range of potential pathogens. This finding also suggests that such recognition is mediated through common structural features present in LPS molecules from various bacteria.
On the other hand, the activity that induces ROS in rice cells differs significantly between LPS preparations. As the elicitor activities in these preparations were removed by polymyxin B-agarose treatment, which can specifically adsorb LPS, such differences in elicitor activity should reflect the structural differences of the LPS molecules in these preparations. One possible explanation is that the different structural motifs present in each LPS show a different affinity for the putative receptor, resulting in the different levels of cellular responses. Another possibility is that the differences in the LPS structure result in a different 'presentation' of the recognizable part of LPS to the putative receptor. As an example of this, Braun et al. (2005) recently reported that the O-chain of the LPS from Xanthomonas campestris is not involved in recognition by tobacco cells but modifies the bioavailability of this molecule. The structures crucial for the recognition of LPS molecules by each plant species largely remain to be elucidated, although it has been suggested that the structural requirement in plants might be more complicated than that in mammals where the lipid A moiety of LPS underlies most of its biological activity (Akira et al. 2001) . Concerning the biological activity of the lipid A moiety in the regulation of defense responses in plants, a lipid A preparation from X. campestris was reported to suppress HR and induce PR gene expression in A. thaliana (Silipo et al. 2005) , and other lipid A preparations from P. aeruginosa and P. fluorescence were shown to induce NO production in A. thaliana cells ). On the other hand, a lipid A preparation from a different strain of X. campestris did not induce an oxidative burst in tobacco cells (Braun et al. 2005) . Core oligosaccharides within LPS molecules were previously shown to be involved in the suppression of the HR in both pepper (Newman et al. 1997) and A. thaliana (Silipo et al. 2005) , the induction of the oxidative burst in tobacco cells (Braun et al. 2005 ) and PR gene expression in A. thaliana (Silipo et al. 2005 ). Bedini et al. recently reported that a synthetic O-antigen polysaccharide could suppress HR and induce PR gene expression, also in A. thaliana (Bedini et al. 2005) . It is clear that more studies will be needed to clarify the structural motif(s) required for the various biological activities of LPS in plants. Detailed studies of the structural requirements for each LPS molecule in the induction of or N-acetylchitooligosaccharide (GN8, 100 nM) for 3 h. The expression of each gene was analyzed by RT-PCR using specific primers. rBG, rice b-1,3-glucanase (He et al. 1998 ); RCC1, rice class I chitinase (Nishizawa et al. 1999 ). AK069456 and AK 109161 are the genes that are classified as 'defense-related genes' and showed a marked increase in expression level in the microarray analysis followed by the elicitor treatment. See text for details regarding other genes. Fig. 9 Classification of up-and down-regulated genes in rice cells following LPS treatment. Total RNA was extracted from suspensioncultured rice cells treated with P. aeruginosa LPS (100 mg ml
À1
) for 3 h and used for microarray analyses. The number below the gene classification (e.g. 48/655 for transcription) shows the sum of the up-and down-regulated genes against the total number of genes on the microarray that are classified in the corresponding category. Fig. 10 Comparison between the gene responses induced by the P. aeruginosa LPS and chitin oligosaccharide elicitors in rice. Gene responses induced by the treatment with P. aeruginosa LPS (100 mg ml À1 ) and N-acetylchitooctaose (100 nM) were compared. Genes showing a 42-fold change in their expression levels, compared with the control, were subjected to correlation analysis. Differentially expressed genes that were unique to the response to LPS or N-acetylchitooligosaccharide in rice cells are shown in red and green, respectively. Genes shown in yellow responded similarly to both elicitors. The correlation coefficient was determined to be 0.901 for the overall gene responses induced by these two elicitors.
the defense responses in rice cells will not only clarify the basis of the different biological activities of LPS preparations observed in the present study, but will also contribute to our understanding of the structure-function relationships of LPS molecules in the regulation of defense responses in plants.
Materials and Methods

Plant materials
Suspension-cultured rice cells (Oryza sativa L. cv. Nipponnbare) were maintained using modified N-6 medium as described previously (Tsukada et al. 2002) . Rice cells were incubated on a rotary shaker at 258C and 120 r.p.m. in the dark and were transferred to fresh medium every week. After every other transfer to new medium, the cell clusters were filtered through a 20-mesh screen to generate fine aggregates, and then were used for the next culture. Cells harvested 4 or 5 d after transfer to the new medium were used in the experiments. Suspension-cultured Arabidopsis cells (T87) were provided by RIKEN BioResource Center (Tsukuba, Japan) and maintained as shown in the literature (Axelos 1992) .
Arabidopsis seeds were surface sterilized and spread on Petri plates containing MGRL nutrients (Naito 1994 ) supplemented with 0.1% agarose and 1% sucrose. After sealing the plates with parafilm, they were placed at 48C for 2 d to break dormancy and then incubated in a 16/8 h light/dark cycle at 228C.
Elicitors
LPS preparations from P. aeruginosa, S. flexneri, Salmonella abortus and K. pneumoniae were purchased from Sigma Chemical Co. (St Louis, MO, USA, purified by gel filtration chromatography) and E. coli LPS was purchased from Wako Pure Chemical Co. (Osaka, Japan, obtained by phenol extraction). LPS molecules from the plant pathogenic bacteria, P. syringae pv. syringae, E. chrysanthemi 3937, X. oryzae pv. Oryzae and R. solanacearum, were prepared by the method of Westphal and Jann (1965) . Briefly, bacterial strains cultivated on nutrient broth were harvested at mid-logarithmic phase by centrifugation at 12,000Âg for 15 min and washed three times with 0.1% NaCl containing 10 mM EDTA. The cell pellet was obtained by centrifugation at 10,000Âg for 20 min and lyophilized. LPS was extracted using the hot phenolwater method. Crude LPS preparations were then treated with 100 mg ml À1 DNase I and 15 mg ml À1 RNase to remove residual nucleic acids, and with 150 mg ml À1 proteinase K to remove residual proteins. The sample was then dialyzed for 48 h against deionized water and lyophilized. N-Acetylchitooctaose was prepared by re-N-acetylation of the corresponding chitosan oligosaccharide, kindly supplied by Yaizu Suisan Kagaku Industrial Co. Ltd (Shizuoka, Japan).
Specific adsorption of LPS by polymyxin B-agarose columns
Polymyxin B-agarose gel (Detoxi-Gel TM ) was purchased from Pierce Biotechnology Inc. (Rockford, IL, USA). A 300 mg aliquot of LPS was applied to columns containing 3 ml of DetoxiGel TM and eluted with water. Each 0.5 ml fraction was collected and used for further analyses. Carbohydrate was determined using the phenol-sulfuric acid method. A Limulus assay kit (Limulus color KY test, Wako Pure Chemical Co., Osaka, Japan) was used for the detection of LPS in the eluate (Ketchum and Novitsky 2000) .
Analysis of reactive oxygen generation induced by elicitor treatment
The induction of ROS in the medium of suspension-cultured rice cells or Arabidopsis cells by elicitor treatment was measured using the luminol assay (Schwacke and Hager 1992) . A microtiter plate-based analytical method was also developed to enable high-throughput measurement. Briefly, 40 mg (50 mg in the case of Arabidopsis cells) of cultured cells were transferred to 1 ml of fresh medium in a 2 ml centrifuge tube and pre-incubated for 30 min at 258C on a thermomixer shaken at 750 r.p.m. Elicitors were separately added to the culture medium after pre-incubation. Aliquots of 10 ml of medium were then transferred to 96-well microtiter plates at various time points and immediately supplemented with 50 ml of 1.1 mM luminol and 100 ml of 14mM potassium hexacyanoferrate solution using a programmable injector attached to the luminometer. Chemiluminescence was measured by a microplate luminometer model TR717 (Applied Biosystems, Foster, CA, USA). The amount of ROS was estimated by using a standard curve for hydrogen peroxide. Elicitor treatment of young seedlings of A. thaliana was performed using a 96-well microtiter plate as reported (Premkumar et al. 2006) . The elicitor-induced ROS in the reaction medium was determined as described above.
RT-PCR
Total RNA was extracted from rice cells using an RNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA, USA). The cDNA was amplified by a One-step RT-PCR Kit (Qiagen Inc.) and detected by ethidium bromide staining after agarose gel electrophoresis. The black and white image of the gel was reversed to help comparison. The gene-specific primer pairs were designed as follows: rBG, forward primer, CAATCCAAGACAAGACACCG, reverse primer, GTTACCGTGCATTCCTACCT; RCC1, forward primer, GATTGGGTTCTACAAGCGCT, reverse primer, TCCATC AGCCATTGTGGG; EL2, forward primer, TGCCAACCT TCACCTCCAAA, reverse primer, GATCTTACGTGAAGCTT GGC; OsDTC2, forward primer, TCTTCTGATTTTGCTT GCGAC, reverse primer, TCTATGTTCCCCTTGTGCTCT; AK109161, forward primer, TCTTGGCCTCGTCTAGCTC, reverse primer, TTTCCTAGCTGCTCGCAACTA; and AK069456, forward primer, GCCTCTTCTTCCACGACTG, reverse primer ATCCAGAGGTGCCAGGTTATT.
Detection of cell death and DNA fragmentation
Cell death induced by elicitor exposure was evaluated by Evans blue staining (Turner and Novacky 1974) as described by Che et al. (1999) . Briefly, rice cells treated with an elicitor for 12 h were harvested by removing the medium with a pipet and replacing it with 0.5 ml of 0.05% Evans blue in 50 mM HEPES-KOH, pH 7.2. After staining for 15 min, the cells were harvested by centrifugation and washed three times with 1 ml of distilled water. The cells were then extracted with 0.5 ml of 1% SDS in 50% methanol for 6 h at room temperature. The color intensities of the extracts were determined spectrophotometrically at 595 nm. The fragmentation of DNA was analyzed as follows. Rice cells were treated with elicitors for 24 h as described for the analysis of ROS. After the removal of the elicitor-containing medium, 200 ml of 2% cetyl trimethyl ammonium bromide (CTAB) solution in 100 mM Tris-HCl (pH 5.8) containing 1.4 M NaCl and 20 mM EDTA was added to the cells and heated for 30 min at 658C. A 200 ml aliquot of chloroform-isoamylalcohol (24 : 1) was then added, followed by vigorous mixing and centrifugation. The supernatant was then added to 1 ml of 1% CTAB solution in 50 mM Tris-HCl (pH 5.8) containing 10 mM EDTA, mixed and centrifuged. The precipitate was washed with ethanol, dissolved with 100 ml of TE buffer and treated with RNase for 1 h at 378C. DNA in the solution was then concentrated by isopropanol precipitation, electrophoresed in a 6% acrylamide gel and stained with ethidium bromide.
Cytological detection of DNA cleavage by TUNEL assay
Cultured rice cells were treated with different elicitors for 12 h as described for the analysis of ROS generation. Detection of DNA cleavage by use of the TUNEL assay was performed with a terminal deoxynucleotidyl transferase-mediated dUTP-based in situ death detection kit (Boehringer Mannheim, Germany), as described previously (Che et al. 1999 ). The cells were transferred to a slide glass, mounted in a solution of 4 0 ,6-diamidino-2-phenylindole (DAPI; Dojindo Laboratories, Kumamoto, Japan) and observed with a model LSM510 laser confocal microscope (Carl Zeiss, Oberkochen, Germany). The excitation wavelengths for DAPI and TUNEL were 364 and 488 nm, respectively. BP435-485 and LP530 filters were used for the detection of these signals.
Microarray analysis
Microarray analyses were performed using a 60mer rice oligo microarray containing 22,575 features (Agilent Technologies, Palo Alto, CA, USA). The RNA extracts from rice cells were fluorescently labeled according to the manufacturer's protocol. Each set of RNAs was then labeled again by swapping the dyes (Cy3 and Cy5) to normalize for dye bias. The slides were then scanned by an Agilent scanner. Data indicating a 52-fold increase in fluorescence between Cy5 and Cy3 were excluded from further analysis.
The obtained results were analyzed using the analytical tool provided by the rice genome project (http://tos.nias.affrc.go.jp/) or with Rosetta Luminator software (Rosetta Inpharmatics LLC, Kirkland, WA, USA). The data set is available in the Gene Expression Omnibus (accession No. GSE5906).
